The respiration of fresh potato ( Solanum tuberosum, var. Russet Burbank) slices is predominantly cyanide-sensitive whether in the presence or absence of uncoupler. By contrast, the wound-induced respiration which develops in thin slices with aging is cyanide-resistant, and in the presence of cyanide, sensitive to chlorobenzhydroxamic acid, a selective inhibitor of the cyanide-resistant respiration. Titration of the alternate path in coupled slices with chlorobenzhydroxamic acid, in the presence and absence of cyanide, shows that the contribution of the cyanide-resistant pathway to the wound-induced respiration is zero. Similar titrations with uncoupled slices reveal that the alternate path is engaged and utilized extensively.
thesis as a crucial element in the development of respiration with slice aging. Efforts to explain the induced respiration by an increase in mitochondria number have also been unsuccessful. The increase in mitochondrial protein accompanying aging in a day is 2-fold or less (7, 10, 31) , whereas the respiration increase in the aged slice is 5-fold compared with the fresh slice, and 25-fold compared with the intact tuber.
Evidence suggests that the latent Cyt oxidase capacity of fresh slices may be adequate to sustain the wound-induced respiration. Thus, uncouplers elicit a 3-to 4-fold increase in fresh slice respiration which, although different in carbon path from the wound-induced respiration, is CN-sensitive (17) (18) (19) . The absence of TCAC activity in coupled and uncoupled fresh potato slices has been attributed to the inhibition of the cycle rather than to its absence, since mitochondria isolated from fresh slices oxidize TCAC substrates with the same specific oxidative activity demonstrated by mitochondria from aged slices (7, 18) . Since the respiration of fresh potato slices is anomalous, aging involves the dissipation of the anomalous respiration as well as the development of the normal induced respiration. Thus, the respiratory increase in interest is much larger than it appears.
With the development of a CN-resistant electron transport path with aging (7, 8, 10 ) the existence of two major pathways in aged slices raises the question of the relative contribution of each to the total respiration. When we speak of CN-resistant respiration, is the resistant path operative in the absence of CN, and if so, to what extent? Herein we examine the contribution of the alternate path to the respiration of aged potato slices by a technique heretofore confined to the determination of path distribution in isolated CN-resistant mitochondria (2, 3) . The analysis depends on the specific inhibition of the CN-resistant electron transport path by one or another hydroxamic acid-in our case, CLAM (26) .
MATERUILS AND METHODS Slice Preparation. Potato tubers (Solanum tuberosum var. Russet Burbank) stored at 7 C were halved and pierced within the vascular ring with a 9-mm-diameter stainless steel borer, the cores being left in the tuber pieces. Slices 1 mm thick were cut into ice water from the pierced tuber halves with a microtome blade fixed in an appropriate bed. Slices were rinsed with distilled H20 and either used promptly as fresh slices or set to age in circularly rotated Erlenmeyer flasks in 10 volumes of 0.1 mM CaSO4 at 25 C, the solution being changed at frequent intervals in the first few hr; and five or six times thereafter in a 24-or VT p g(i) + V3 + Vr. (2) where V,z,, a constant, represents a respiratory component insensitive to CN and CLAM together. The residual respiration is absent in mitochondria, and deemed to be extramitochondrial in origin. In the analyses which follow, V,. is subtracted from VT to yield VT', which represents the mitochondrial contribution to the total respiration. Thus, in slices: Verification of Sipificance of p =0 . In the experiments which follow, equation 3 is taken as a paradigm, and a p of 0 arising from titration analysis is taken to indicate the absence of any contribution by the alternate path to the total respiration. If, contrary to the assumption underlying equation 3, the Cyt path were unsaturated while both paths were operating, titration with CLAM might be thought to divert electrons to the Cyt path, yielding a p of 0, and providing the illusion of a noncontributing alternate path. Although the hypothesis of Bahr and Bonner (3) respecting the mechanism whereby electrons are apportioned between the two paths makes the foregoing prospect unlikely, a procedure was devised to test the possibility. The analysis depends on Vcyt being greater than Vait, a condition which is met in potato slices. Figure I presents a theoretical prototypical analysis. Potato slice respiration is titrated with cyanide in the presence of CLAM-the reverse of the conventional titration-yielding g(i)cyt, the maximal contribution of the Cyt path at any given CN concentration. VT' is then plotted against g(i)c,yt.
During the course of CN titration, so long as the alternate path can accommodate traffic diverted from the Cyt path, there will be no overt inhibition by CN, and a plot of VT' against g(i)cyt will be a horizontal line denoting an apparent pcyt of 0. Upon further titration a point will be reached where the diverted flow, P[VT' -g(i)cyt4, just brings the alternate path to saturation. Beyond this point additional CN causes inhibition. The question at issue is whether in the absence of CLAM pcyt beyond the breakpoint is 1, or less than 1. Since g(i)c,yt is determined in the presence ofCLAM, a p of I after the breakpoint means that the Cyt path was saturated from the outset. By the same token a p of less than I means the Cyt path was less than saturated at the outset, and some part of the total flux was passing through the alternate path.
Viewed another way, with pcA = 1, the absolute decrement in response to a given CN increment beyond the breakpoint will be the same in the absence of CLAM as in its presence, whereas with a pcyt of less than I the absolute decrement beyond the breakpoint will be less in the absence of CLAM than in its presence. CN is not affected by 1 mm CLAM (Fig. 2, A and B) , a concentration sufficient to inhibit the alternate path. A residual CNresistant respiration insensitive to CLAM is present in coupled and uncoupled fresh slices. The Ki values for cyanide as estimated from Dixon plots (6) were found to be 22 ,lM and 11 ,UM for coupled and uncoupled slices, respectively.
CLAM is without effect on coupled or uncoupled fresh slices in the presence or absence of cyanide at concentrations up to 2 mn.
Higher CLAM levels (e.g. 4 mm) may evoke a low level of nonspecific inhibition and are therefore to be avoided. Uncoupler stimulates fresh slice respiration about 2.5 times. The entire increment is CN-sensitive, from which it can be calculated that V5yt increases 3-fold while V,.5 remains constant (Table I ). The Ki for CLAM ranges from 240 to 310 ,uM, the values being unaffected by uncoupler.
Aged SUces. Figure 3 shows the effect of cyanide on the respiration of aged potato slices in the presence and absence of CLAM. The maximum inhibition observed with high CN concentrations in the absence of CLAM is 20o, compared with 80%o inhibition in fresh slices ( Fig. 2A) . Aged slices may show no inhibition, or even a stimulation due to CN (10) . At high CN concentrations in the presence of 1 mm CLAM, aged slice respiration is inhibited 80%o (Fig. 3) Figure 4 . The results in Figure 4A show that in coupled slices a concentration of CLAM as high as 2 mm does not inhibit the respiration in the absence of CN. The ninhibited respiration represents the respiratory flux through the Cyt path. However, the respiration is sensitive to CLAM in the presence of KCN as shown in Figure   4A where titration with CLAM in the presence of 0.1 mm KCN results in 80% inhibition.
When the titration with CLAM is carried out with 0.01 mm CN, a concentration which partially inhibits the Cyt path, inhibition with CLAM is also observed. The data in Figure 4A were replotted according to equation 3 and the results are shown in Figure 4B . In the absence of KCN, a horizontal line is obtained, i.e. with slope, p, equal to 0, indicating that the alternate path does not contribute to VT'. On the other hand, in the presence of 0.01 mm KCN the slope, p, of the straight line is 0.55, indicating that the contribution of the alternate pathway to VT' is 55% of its maximal activity.
Titration experiments similar to those shown in Figure 4A were carried out with uncoupled aged slices, and the results are presented in Figure 4C . In the absence of CN, CLAM partially inhibits the respiration, and the respiratory rate reaches a high plateau value at high CLAM concentrations. In the presence of 0. Inmm KCN maximal inhibition is obtained (Fig. 4C) . When the titration with CLAM is carried out with low CN (0.01 mm KCN) the inhibitory pattern of CLAM remains the same, but the curve is shifted downward.
The data of Figure 4C were replotted according to equation 3 and the results are shown in Figure 4D . In the absence of KCN, a straight line is obtained with slope, Figure 4 , B and D, are summarized in Table II . Data from similar experiments are also shown (Table II , experiments 5 and 6).
In the case of coupled slices in the absence of CN (experiments 1 and 5), VT, which represents the wound-induced respiration, is the sum of Vcyt and Vr,. There is no contribution of the alternate In presenting the procedure for estimating the contribution of the alternate path in the absence of CN by titraton with CLAM, it was pointed out that a p of 0 could conceivably arise by the diversion of electrons from the alternate path to the Cyt path were the latter unsaturated. To evaluate this possibility a so-called reverse titration technique was developed (see under "Materials and Methods") to elucidate the extent of saturation of the Cyt path in the absence of CLAM. Figure 5A presents an actual reverse titration with aged potato slices, while Figure SB (7) where it was found that the uncoupler CCCP does not affect the activity of the alternate path. 
DISCUSSION
The wound-induced respiration of potato slices has been under investigation for more than 50 years, yet a full description of the respiratory characteristics accompanying aging continues to elude us. The observed rise of respiration with slice aging is known to proceed with a concurrent rise of the CN insensitivity (7, 10, 18 (Fig. 2) . (10) , and shown in the interim to be attributable to the so-called alternate path (2, 13, 26) . Recently, Rychter and Frenkel (23, 24) have shown that newly harvested potato tubers treated with ethylene in the presence of pure 02 yield CN-resistant slices and CN-resistant mitochondria as well. In mature tubers, where ethylene and 02 together fail to cause CN resistance, they do so in the presence of 10%0 C02 (Arron, Christofferson, Day, and Laties, unpublished). The common course of the onset of CN resistance in slices and mitochondria, as well as the sensitivity to hydroxamates of the CN-resistant respiration, leave little doubt that the bulk of the CN-resistant respiration is mitochondrial in origin (13) .
Two major problems of slice physiology entail the determination of the extent to which the alternate pathway contributes to the respiratory rise accompanying slice aging, and the question of whether its development is necessary for the induced respiratory rise. The respiratory rate of coupled aged slices, corrected for the residual respiration, has been found to be not only less than predicted from the sum of the CN-resistant (Vast) and CLAMresistant (VA) rates measured independently, but more often than not equivalent to the Cyt rate alone. As shown in Table II (experiments 1 and 5), the respiratory rate in the absence of inhibitors (VT), after the subtraction of V,m., is 45% less than the sum of V,yt + V,1t. These results indicate that in coupled slices at least one of the oxidase systems is not fully operative in the absence of inhibitor.
The contribution of each pathway to the over-all rate was determined from titrations of the respiration with CLAM in the presence and absence of CN. Such titrations are at present the only method by which such data can be obtained (2, 3) . The respiratory rate of aged slices can be described by a simple equation (equation 2) involving the rates of the two electron transport pathways (Cyt and alternate) plus the unidentified residual CN-and CLAM-resistant respiration (VrE). In coupled aged slices the contribution of the alternate path is nil, as indicated by the experimentally determined value of p = 0 (Table II) . The total observed respiratory rate is the sum of Vcyt and Vm. Since the diversion of electrons from the alternate to the Cyt path during titration with CLAM (Fig. 5) has been ruled out, the bulk of the wound-induced respiration is seen to be mediated via the Cyt path. Furthermore, the extent of traffic through the Cyt path determines the flux through the alternate path. Thus, when the flow through the Cyt path is decreased by low CN concentrations (Fig. 4B) [9] , fruits [20, 28] , and tubers [291), it follows that the alternate path capacity is greater than that of the Cyt system operating in the absence of inhibitor. Stimulation is imputed to the enhancement of glycolysis (27) . Stimulation is not attributable to the inhibition of catalase (by CN, for example) both because antimycin may cause stimulation, and because the RQ remains close to 1. The stimulation of fruit and tuber respiration by ethylene is attended by a sharp increase in glycolysis (27) (28) (29) .
In mitochondrial respiratory studies substrate is normally saturating, and accordingly engagement of the alternate path seldom leads to respiratory stimulation. Where Vdt is significant or high compared with Vcyt (skunk cabbage mitochondria [21) (7, 10, 15, 33) . The observed increase in protein content of the crude mitochondria fraction after 24 hr of aging is at best 2-fold (7, 10, 31), and this doubling has been attributed to an increase in peroxisomal protein (31) . Furthermore, mitochondria from fresh and aged slices have the same oxidative activity (8, 10, 31) . These observations suggest that fresh and aged potato slices have the same potential glycolytic and respiratory capacity, and fail to explain the 4-to 5-fold enhancement of respiration in aged slices. Respiration is ostensibly restricted in intact tubers (cyanide 111, 29] and ethylene 1291 stimulate tuber respiration severalfold), and limited to perhaps a lesser degree in fresh slices. The picture is complicated by the transient anomalous nature of fresh slice respiration (14, 19) . In any event, in tubers and fresh slices the respiratory capacity is present but not fully expressed. The development of the wound-induced respiration in potato slices reflects a complex phenomenon comprising the release of inhibition of glycolysis (21) and the TCAC which attends the oxidative scavenging of free fatty acids which arise on cutting (19) and a spate of phospholipid biosynthesis presumably related to membrane formation (34) . The net effect is to allow the manifestation of a latent respiratory capacity in the form of a 4-to 5-fold respiratory increase.
The onset and course of the induced respiration have long been lirked to a requirement for RNA and protein synthesis (18) . The evidence suggests that synthesis of conventional respiratory enzymes is not involved, albeit there is an increase in the NADH dehydrogenase on the outer face of the inner mitochondrial membrane (8) . Phospholipid biosynthesis is an irreducible requirement for the development of the induced respiration and the generation of CN resistance (33, 34) , and we are of the view that the intussusception of new lipoprotein components into cytoplasmic and mitochondrial membranes stimulates the respiration in aged slices and renovates the CN-resistant pathway. In this connection it has recently been discovered that there is an enrichment of a hydroxyproline-rich mitochondrial protein which attends, and is central to the advent of, the induced respiration (1). The increase of respiration with slice aging does not depend on the activity of the alternate path, since slices aged in CLAM show woundinduced respiration and are CN-resistant (Theologis and Laties, unpublished).
We have yet to comprehend what initiates the onset of the induced respiration. In potato slices it may be that lipid degradation products which arise on cutting serve as derepressors, which evoke phospholipid-and ultimately, membrane-biosynthesis, and its respiratory consequences.
